The pituitary, also dubbed the hypophysis, is the master endocrine gland that is localized at the base 76 of the hypothalamus in all vertebrate species. It is composed of the adenohypophysis (AH) and the 77 neurohypophysis (NH), also known as the anterior and posterior pituitary, respectively. The mammalian 78 pituitary consists of an additional anatomically discernable tissue, the intermediate lobe (IL), which is 79 located between the NH and AH. However, the IL is not as distinguished as in the pituitary of human and 80 some non-mammalian vertebrates, including zebrafish (Larkin and OXT is mainly known due to its effects on reproduction organs (Lee et al., 2009) . 90
Unlike the AH, which serves as a hormone-secreting gland, the NH is a neural tissue, which serves as a 91 neuroendocrine interface between AVP and OXT axonal projections and the permeable capillary 92 network of fenestrated endothelia (Robinson and Verbalis, 2003) . This neuro-vascular interface also 93 contains the pituicytes -specialized neurohypophyseal astroglia, which occupy approximately 50% of 94 the neurohypophyseal total volume (Bucy, 1930; Pow et al., 1989) . Pituicytes engulf HNS axonal 95 swellings and their terminal buttons, and are in close contact with the basal laminar and vascular 96 endothelia (Miyata, 2017; Robinson and Verbalis, 2003) . Based on their dynamic morphological plasticity 97 during lactation and in response to chronic dehydration, it has been suggested that the pituicytes 98 5 mediate neurohormones passage through the fenestrated capillaries serving as a physical gateway 99 between the axons and the perivascular space (Hatton, 1988; Wittkowski, 1998 Seyama et al., 1980; Wittkowski, 1986) . However, there is very little knowledge 108 of pituicyte-specific genes. Consequently, mammalian pituicytes have been so far labelled with astroglial 109 markers, such as apolipoprotein E (APOE), glia fibrillary acidic protein (GFAP), S100 , vimentin (VIM) and 110 connexin43 (Cx43/GJA1), all of which are general astrocytic markers, which are also expressed in other 111 cell types (Boyles et al., 1985; Cocchia, 2004; Marin et al., 1989; Suess and Pliška, 1981; Yamamoto and 112 Nagy, 1993) . Moreover, defining and visualizing pituicytes by co-expression of the above genes is not 113 informative as these markers only partially overlap (Wei et al., 2009 ). Hence, the exact definition of 114 pituicyte cell-type and/or sub-type remains ambiguous. Finally, other neurohypophyseal cell types might 115 not have been detected in published bulk neurohypophyseal transcriptomic data (Hindmarch et al., 116 2006) . 117
The recent technological revolution enables high-resolution studies for transcriptome patterns in 118 heterogeneous cell populations. Single-cell RNA sequencing (scRNA-Seq) allows dissecting cell types that 119 are previously hidden due to identical histology, same genetic marker and adjacent location within a 120 complex tissue (Potter, 2018) . This technology enables hundreds and thousands of single cells being 121 processed at once, therefore deliver high-throughput, and highly efficient analysis of cell heterogeneity. 122 6 In this study, we utilized scRNA-Seq to unravel the cell heterogeneity of the neurohypophysis. Seven 123 major cell types in the NH and IL of adult male mouse were identified. We present a comprehensive 124 view of the molecular landscape as well as spatial organization of NH and IL cell types, hence providing 125 valuable resources for studying their specific cellular and physiological functions. The pituitary is located within a bony structure of the mouse skull, dubbed sella turcica, allowing 217 accurate surgical isolation of this tissue. In particular, the medially located NH can be readily observed 218 owing to its conspicuous white color, due to the high density of neurohypophyseal axons and pituicytes. 219
We took advantage of these anatomical features to dissect neurohypophyseal tissue from 3-month-old 220 C57/BL6 male mice and thereafter performed scRNA-Seq analysis. Notably, the isolated tissue contained 221 residual tissue from the adjacent intermediate pituitary lobe (IL), hence we took into consideration that 222 our NH tissue preparation will contain some IL cells ( Figure 1A and Figure 1-1A) . 223 We collected two pools of dissected neurohypophyseal tissue, each contained 5 mice. Single cells 224 from the dissociated tissue were thereafter captured using the 10X Chromium gel beads in a droplet, 225 followed by independent library preparation for each pool. The two sets of libraries were indexed and 226 sequenced together (Figure 1A) . The low variation between the pools was detected in the Principal 227 Figure 1D . Notably, the cell number does not necessarily reflect the compositional 249 proportion in the tissue but probably randomized sampling in single cell capturing, varied resilience of 250 different cell types to dissociation procedure and cell type-specific RNA stability. 251
Following the identification of NH and IL cell types, we searched for sets of genetic markers 252 characterizing each cell type. We generated a heatmap showing cluster analysis of the top twenty 253 differentially expressed genes representing the transcriptomic profile of the various NH and IL cell types 254 and selected three feature genes, which represent each cell type (Figure 2) PanglaoDB gene sets revealed that the pituicyte cluster is highly enriched in tanycyte (FDR=1.20E-21) 269 followed by astrocytes (FDR=1.18E-07) and Bergmann glia (FDR=5.63E-06) (Figure 1-4 (Figure 1-5) . Therefore, the unique differentially expressed 274 featured genes we assigned for these cell types are novel markers. Thus, the novel markers Lcn2, cyp2f2 275 and Krt18 represented epithelial-like cells; Pcsk2, Scg2, and Chga marked IL cells, and finally, Col25a1, 276 Scn7a, and Srebf1 were selected as pituicyte-panel of markers (Figure 2) . The specificity of the selected 277 marker genes is exemplified in Figure 3 in which a featured gene from each cluster was embedded onto 278 the tSNE plot showing distinct distributions of different cell types (Figure 3A) . A violin plot showing the 279 normalized log-transformed single cell expression of selected featured genes in the different cell types is 280 shown in Figure 3B . 281
Novel pituicyte genes display higher specificity than commonly used markers 282
We report five selected differentially expressed genes, Srebf1, Rax, Scn7a, Adm, Col25a1 and Col13a1, 283 which showed robust expression in the majority of pituicyte population (Figure 4A) . Four of these genes, 284
Srebf1, Rax, Adm and Col25a1 were robustly expressed in the pituicyte population. Srebf1 displayed 285 15 with residual expression in a small number of epithelial-like cells but was not differentially expressed in 286 this cluster (Figure 4A, Figure 1-2 and Figure 1-3) . 287
We noticed that the novel pituicyte genes revealed by scRNA-Seq displayed higher specificity than 288 expression and were somewhat more specific than Apoe (Figure 4B) . Notably, although Vim displayed 296 some expression in the pituicyte cells, it didn't pass the differentially expressed criteria in the pituicyte 297 cluster comparing to other cell types (Figure 1-2 and Figure 1-3) . 298 We next examined whether the novel pituicyte markers identified by scRNA-Seq are expressed in the 299 mouse NH by in situ hybridization. The selected pituicyte marker Col25a1 (Figure 4A) with robust 300 normalized expression (adjusted p-value 8.38E-82, average log 2 fold change 1.67) was subjected to 301 wholemount mRNA in situ hybridization, followed by immunostaining with an antibody against the 302 previously published pituicyte marker Vim. This analysis showed that Vim immunoreactivity is detected 303 in a subset of Col25a1-positive cells (Figure 5, Figure 5-1 and Movie 1) . This analysis was in agreement 304 with our scRNA-Seq bioinformatic analysis (Figure 4) , suggesting that some of the commonly used 305 pituicyte markers also label other NH cell types. 306
Spatial organization of neurohypophyseal cell types 307 16
To better understand the spatial organization of neurohypophyseal cell types, we analyzed the 308 expression of selected genetic markers representing the major NH cell types and localized the 309 expression on a horizontal section of whole mouse pituitary (Figure 6A) . We performed single molecule 310 fluorescent in situ hybridization (smFISH) on a transgenic macrophage/microglia reporter (Figure 6) as 311 well as wholemount mRNA in situ hybridization combined with antibody staining (Figure 7) . Our scRNA-312 Seq analysis indicated that Srebf1 is a novel pituicyte marker displaying limited expression in the 313 epithelial-like cells, while Cyp2f2 was highly expressed in epithelial-like cells (Figure 3 and Figure 6B) . 314 Accordingly, Srebf1 was prominently expressed in the NH (Figure 6B, Figure 6-1 and Figure 6-2B) , while 315
Cyp2f2-expressing cells were mostly located at the boundary between the IL and the AH (Figure 6B and 316 Figure 6-1) . Notably, Cyp2f2 mRNA signals were much weaker in the NH compared to the IL and AH 317 boundary suggesting that some epithelial-like cells are also found in the NH (Figure 6B, Figure 6-1 and 318 Figure 6-2B) . This conclusion was further confirmed using smFISH to probe another specific epithelial-319 like featured gene, Lcn2, which was mainly expressed by cells located at the IL and AH boundary ( Figure  320 
6-2B). 321
We next performed simultaneous labeling of macrophage/microglia, pituicyte, and epithelial-like 322 cells by performing smFISH of Srebf1 and Cyp2f2 probes on pituitaries of transgenic Cx3cr1:GFP reporter 323 mice, labeling macrophage/microglia (Jung et al., 2000) . We observed that the Cx3cr1: GFP-positive 324 macrophage/microglia were distributed throughout the whole pituitary, including the NH, IL, and AH 325 ( Figure 6B and Figure 6-2C) . These macrophages/microglia were intermingled with both Srebf1 + ; Cyp2f2 -326 pituicytes and Cyp2f2 + epithelial-like cells suggesting a possible cross-talk between pituitary cells and 327 these macrophages/microglia (Figure 6B) . 328
Our scRNA-Seq analysis also detected an NH cell population, which co-expressed Pdgfra and Lum 329 (Figure 2 and Figure 1-3) . We assumed that this cell population is similar or identical to the so-called 330 vascular and leptomeningeal cell (VLMC), which has been found to localized on blood vessels of the 331 brain (He et al., 2018; Marques et al., 2016; Vanlandewijck et al., 2018) . We, therefore, examined the 332 tissue distribution of VLMC cells and fenestrated neurohypophyseal vascular endothelia, which express 333 the Plvap protein (Stan et al., 1999) . This analysis confirmed that as in the case of brain vasculature, 334
VLMCs were in close association with the fenestrated endothelia of the NH (Figure 7) . The NH is a major neuroendocrine interface, which allows the brain to regulate the function of 346 peripheral organs in response to specific physiological demands. Despite its importance, a 347 comprehensive molecular description of cell identities in the NH is still lacking. Recent studies revealed 348 cell heterogeneity of whole pituitary gland using scRNA-Seq, however, these studies did not separate 349 the NH from the adjacent adenohypophysis and very few NH cells with limited sequence information 350 Our novel pituicyte markers displayed greater specificity (i.e. adjusted p-value <= 0.05 for differential 377 expression), higher expression level (average log 2 fold change >= 1) and robustness (i.e. abundance in 378 pituicytes) compared to the most commonly used markers. Thus, as we previously showed in the case of 379 zebrafish pituicytes (Anbalagan et al., 2018), we found that Apoe is broadly expressed in multiple mouse 380 NH cell types. However, although Vim and Gfap displayed relatively low mRNA expression levels in our 381 scRNA-Seq analysis, their protein immunoreactivity was readily detectable in the NH. This could be due 382 to the inherently shallow sequencing method for 10x Genomics platform. The astroglial protein S100 is 383 also used to label pituicytes (Cocchia, 2004) . It was reported that S100 is highly abundant when 384 compared to Vim + and Gfap + cells (Virard et al., 2008; Wei et al., 2009) . However, in our study, 385 S100 was not among the top differentially-expressed pituicyte genes but was found to be exclusively 386 expressed in the VLMC cell type. In view of the gene coverage limitation of the 10x Genomics platform, 387 S100 might have been missed in our analysis, hence, future studies should be aware of our findings 388 regarding its expression in VLMC. Another known pituicyte-specific marker, namely Gja1, also known as 389
Cx43, displayed robust specific expression in our mouse pituicyte cluster. This is in agreement with the 390 reported findings in rat and zebrafish (Anbalagan et al., 2018; Yamamoto and Nagy, 1993) . 391
We identified VLMC as a new neurohypophyseal cell type which is marked by the prominent 392 expression of Pdgfra and Lum. We further showed that VLMC is associated with Plvap + fenestrated 393 neurohypophyseal capillaries. In agreement with our findings, Pdgfra + ;Lum + VLMC population was found 394 in the mouse brain as vascular-associated cell type (Marques et al., 2016) or as fibroblast-like cells that 395 are loosely attached to vessels and located in between smooth muscle cells and astrocyte end-feet 396 (Vanlandewijck et al., 2018) . Although VLMC express some markers of oligodendrocyte precursor cells 397 (OPCs), such as Pdgfra, they are distinct from OPCs and oligodendrocyte lineages (Marques et al., 2016) . 398 20 Importantly, previous reports have described the existence of OPCs in the NH (Miyata, 2017; Virard 399 et al., 2006 Virard 399 et al., , 2008 . We did not detect OPCs in the present study, however, this could be due to the low 400 abundance of these cells in our tissue. Alternatively, because Virard et al. relied on Pdgfra as a sole OPC 401 marker, it is possible that they misidentified VLMCs as OPCs. Notably, Virard et al. reported that these 402 Pdgfra + cells were shown to be pituicyte progenitors in their study (Virard et al., 2006) . Similarly, other 403 studies reported that VLMC display multipotent stem cell niche function in the CNS and other organs 404 suggesting that they may play similar roles in NH function (Nakagomi and Matsuyama, 2017; Ueharu et 405 al., 2018) . Further studies are required to determine whether neurohypophyseal OPCs are in fact VLMCs 406 and if VLMCs are pituicyte progenitors. 407
Although pericytes have been previously reported to be associated with neurohypophyseal 408 capillaries (Miyata, 2017; Nishikawa et al., 2017), we did not detect them in the present study, possibly 409 due to the fact that isolating pericytes requires different tissue dissociation conditions. It is also possible 410 that other minor neurohypophyseal cell populations have been missed, which may be revealed if more 411 cells would be sampled. 412
Macrophage/microglia were found in our study as prominent NH resident cells. The previous report 413 showed that neurohypophyseal microglia in rat endocytose and digest axonal terminus (Pow et al., 414 1989 ), whereas the pituicyte envelops the buttons of axons (Morris, 1976) and provide cues for the 415 permeable endothelial fate (Anbalagan et al., 2018). Our finding that macrophage/microglia are closely 416 located to the pituicytes in the NH is in agreement with such functional cooperation between these two 417 cell types. 418
In summary, our transcriptome analysis of individual cells derived from NH and IL tissues of adult 419 male mice have revealed the cellular heterogenicity of the NH and provide novel molecular markers for 420 21 the major cells in those tissues. We present a valuable resource that will serve as the basis for further 421 functional studies. 
